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Abstract
Coronary perfusion pressure (CPP) is a major indicator of the effectiveness of cardiopulmonary
resuscitation in human and animal research studies; however methods for calculating CPP differ
among research groups. Here we compare the 6 published methods for calculating CPP using the
same data set of aortic (Ao) and right atrial (RA) blood pressures. CPP was computed using each
of the 6 calculation methods in an anesthetized pig model, instrumented with catheters with Cobe
pressure transducers. Aortic and right atrial pressures were recorded continuously during
electrically induced ventricular fibrillation and standard CPR. CPP calculated from the same raw
data set by the 6 calculation methods ranged from -1 (signifying retrograde blood flow) to 26
mmHg (mean ± SD of 15 ± 11 mmHg). The CPP achieved by standard closed chest CPR is
typically reported as 10–20 mmHg. Within a single study the CPP values may be comparable;
however, the CPP values for different studies may not be reliable indicators of the relative
efficacies of different CPR methods. Electronically derived, true mean coronary perfusion
pressure is arguably the gold standard metric for representing coronary perfusion pressure.
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Introduction
Since Kouwenhoven, Jude, and Knickerbocker described external chest compressions to
maintain circulation during ventricular fibrillation (VF) (Kouwenhoven et al. 1960), researchers
have been working to refine this idea with more effective and efficient techniques. Investigators
have tested various compression forces, rates, and duty cycles, investigated interposed chest and
abdominal compressions, and proposed rhythmic abdominal compressions only (Maier et al.
1984; Criley et al. 1976; Halperin et al. 1993, 2004; Ralston et al.1982; Babbs 1993; Geddes et
al. 2007), as well as adjunct devices to be applied during CPR to enhance its positive effects
(Lottes et al. 2007; Cohen et al. 1992; Mauer et al. 1999; Lurie et al. 1990, 2001, 2002; Tang et
al. 1997). To evaluate and compare the effectiveness of the various types of CPR compressions
and devices, a metric must be chosen that will describe how well each method maintains
coronary and systemic blood flow during cardiac arrest and CPR.
Most authorities agree that it is most vital that blood flow and oxygen delivery to the brain and
the heart muscle itself be maximized during CPR (Kern 2000). It is difficult to measure coronary
blood flow directly, using an electromagnetic flowmeter (Rubertsson et al. 1995; Geddes 1984)
or radio-labeled microspheres (Voorhees et al. 1980; Halperin et al. 1986; Strohmenger et al.
1996). It is much simpler to measure the coronary perfusion pressure (CPP), which is the driving
force for coronary blood flow, and CPP is directly proportional to the flow when coronary
vascular resistance is constant. As a result, many researchers report the efficacy of CPR
experiments (novel compression styles, adjunct devices, etc.) in terms of the CPP produced by
each. CPP is defined as the difference between aortic and right atrial blood pressures (Kern
2000). Sample records of aortic and right atrial pressures with a normally beating heart and
during VF with CPR are shown in Fig. 1. CPP with standard closed-chest CPR during VF is
typically reported as 10–20 mmHg (Kern 2000).
Depending on the types of CPR, however, the aortic (Ao) and right atrial (RA) pressure
waveforms can vary widely during the chest compression and decompression phases, but as yet
there is no set rule for selecting the time points at which to measure the blood pressure
difference. Accordingly, two researchers viewing the same Ao and RA pressure records from the
same episode of VF with CPR may reach different conclusions about the value of that CPR.
Therefore, the results of different studies may not be comparable, and multiple comparisons of
different CPR techniques may not agree, depending on how CPP was measured.
The use of mean CPP may circumvent this problem as well as provide a more accurate depiction
of coronary blood flow throughout CPR. The most general method for computing mean CPP
computes the average difference between aortic and right atrial pressures over the entire
compression-decompression cycle (Geddes et al. 2007). This value is the true, electronically
derived mean perfusion pressure. It is equivalent to the area between the Ao and RA pressure
curves, integrated over one cycle, and divided by the duration of the cycle. Since it is a measure
of coronary perfusion pressure throughout compression and decompression, this measure
accounts for both antegrade and retrograde blood flow (typically during the compression phase),
and it eliminates the need for arbitrary or idiosyncratic time points for CPP calculation.
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Fig. 1 In a are shown aortic (thick line) and right atrial (thin line) blood pressures with
the normally beating heart. In b are shown aortic (thick line) and right atrial (thin line)
blood pressures with standard CPR during VF. Note the difference in vertical scales.
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Methods
All experimental protocols were approved by the Purdue Animal Care and Use Committee and
are in accordance with National Institutes of Health guidelines for ethical animal research.
Domestic pigs were intubated and anesthetized to surgical depth. 100% oxygen was given with
isoflurane anesthetic. Lead II ECG was recorded. Blood pressure was recorded using Cobe
pressure transducers via catheters inserted into the right atrium and the thoracic aorta. ECG and
right atrial and aortic pressures were recorded on a Physiograph strip-chart recorder (Narco Inc)
and recorded digitally with Labview (1,000 data samples/sec for each channel). A bipolar pacing
electrode was advanced into the right ventricle for inducing ventricular fibrillation. A catheter
was inserted into the left femoral vein for the collection of blood samples and the administration
of drugs.
Ventricular fibrillation was induced by electrical stimulation of the right ventricular (RV)
myocardium using the Physiograph stimulator connected to the RV bipolar electrode. Fibrillation
was confirmed by the characteristic ECG waveform and concurrent loss of pulsatile blood
pressure. After ventricular fibrillation was confirmed, the pneumatic chest Thumper ® (Michigan
Instruments, Grand Rapids, MI) was activated to compress the chest and set at 100 lbs force,
100/min compression rate, and 50% duty cycle. After 30 chest compressions, 2 breaths at 60
cmH2O, 100% oxygen were administered. Compressions were then resumed. This cycle of 30
compressions and 2 breaths was completed twice and then defibrillation was attempted with
transchest electrodes. A damped sine wave defibrillation countershock of 100–150 J was
administered by a defibrillator (Hewlett- Packard). If defibrillation was not successful, CPR was
resumed and a higher energy dose was given. After successful defibrillation was achieved,
rhythmic ECG and corresponding blood pressure were restored.
For the normally beating heart and the episode of VF with CPR, CPP was calculated from the
digital blood pressure records using 6 different methods reported in the literature and described
by the blood pressure recordings in Figs. 2, 3, 4, 5, 6, and 7. The thicker waves represent aortic
blood pressure during CPR, the thinner waves, right atrial blood pressure. The vertical lines
indicate the time at which the pressure measurements were recorded. The shaded areas represent
the segments of time over which the areas between the curves were calculated. Areas marked
with an X show retrograde blood flow. The data set used for the calculations in this study was
previously published in Geddes et al. 2007. For each method, the CPP results were calculated for
3 consecutive blood pressure cycles and averaged.
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Each of the six calculation methods was performed as follows:
1. Peak diastolic: right atrial blood pressure was subtracted from time-coincident aortic
blood pressure at the point of lowest aortic pressure during diastole (decompression).
2. Mid-diastolic: right atrial blood pressure was subtracted from time-coincident aortic
blood pressure at the midpoint of the diastolic (decompression) interval.
3. End-diastolic: right atrial blood pressure was subtracted from time-coincident aortic
blood pressure at the point just before the beginning of the rise in pressure due to the
subsequent compression.
4. Peak systolic: right atrial blood pressure was subtracted from time-coincident aortic
blood pressure at the point of highest aortic pressure during systole (compression).
5. Diastolic mean: the area between the aortic and right atrial blood pressure curves during
the diastolic interval (decompression) was calculated and divided by the time length of
the interval.
6. CPI or true mean: CPI is the area between the aortic and right atrial blood pressure
curves throughout the entire blood pressure cycle (compression and decompression),
integrated over one minute. For the sake of comparison with the other methods of
calculation, the same three blood pressure cycles were integrated, rather than using an
entire minute’s worth of cycles. True mean is CPI/60 to remove the time element and
allow for direct comparison to other CPP values.
The authors had full access to the data and take responsibility for its integrity. All authors have
read and agree to the manuscript as written.
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Fig. 2 The peak diastolic method, as described by Niemann et al. 1985 and Fries et al.
2006

Fig. 3 The mid-diastolic method, as described by Niemann et al. 1982, Sanders et al.
1985, and Tang et al. 1997
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Fig. 4 The end-diastolic method, as described by Paradis et al. 1990 and Cairns and
Niemann 1998

Fig. 5 The peak systolic method, as described by Niemann et al. 1982, 1985, and Raessler
et al. 1988
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Fig. 6 The diastolic mean method, as described by Fenely et al. 1988, Cohen et al. 1992,
and Wik et al. 1996

Fig. 7 The true mean method, as described by Geddes et al. 2007, Niemann et al. 1985,
Babbs 2006, and Jung et al. 2006
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Results
Table 1 displays the CPP for the normally beating heart immediately before the episode of VF
and the CPP provided by standard CPR (performed according to the 2005 AHA guidelines)
during VF, as calculated by each of the CPP methods.

For the beating heart control values, peak systolic measurement and true mean disagreed with all
of the diastolic methods and with each other. None of the diastolic beating heart measurements
from the same time intervals (individual measurements, prior to averaging) differed more than 2
mmHg. CPP for standard CPR ranged from -1 to 26 mmHg with the peak systolic and peak
diastolic calculation methods, respectively. The standard deviation of the CPP results was 73%
of the average.
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Table 2 compares the ratio of calculated CPP to true mean CPP for each calculation method.
Using a technique similar to the CPI method of Geddes et al. 2007, Niemann et al. 1985 recorded
CPP by continuously subtracting right atrial from aortic pressure throughout the entire CPR
cycle. Applying the method of Niemann et al. (1985) to this dataset, and then averaging the
resulting CPP over the time interval (similar to the true mean method) provides a CPP of 11
mmHg.
Discussion
Because the pig’s normally beating heart rate was greater than 100 beats/min, the intervals
between beats (the diastolic segments) were short. With a short segment, pressures do not change
much when measuring from the beginning, middle, or end of diastole. Therefore, it is not
surprising that the CPP methods measured during diastole did not disagree with each other.
Systolic aortic pressure is usually much higher than diastolic (a difference of about 25 mmHg),
while right atrial systolic pressure does not differ much from diastolic (about 5 mmHg). So, it is
also not surprising that measuring CPP at the peak of systole provides a significantly different
pressure than all of the diastolic measurement methods. The true mean method considers
perfusion during systole and diastole; if the difference in pressures is great enough, it makes
sense that true mean disagrees with both systolic and diastolic methods, because its results lie
somewhere in between.
Coronary perfusion is known to occur during diastole, because mechanical pressure collapses the
coronary vessels during systole. Since peak systolic and true mean methods consider pressures at
times other than diastole, they should overestimate the true CPP of the normally beating heart.
The diastolic measurement methods, which all agree very closely, should provide more
trustworthy estimates of CPP during the normally beating heart.
For standard CPR, the methods of calculating CPP yielded differences of up to 27 mmHg.
Considering CPP during standard CPR is usually between 10–20 mmHg, this is a considerable
disagreement among the different methods. The peak diastolic method produced a CPP almost 3
times that of the end-diastolic, more than twice that of the true mean method, and almost half
again greater than that of the mid-diastolic method. The peak systolic method returned a negative
CPP value which, unlike all other methods, indicates net retrograde blood flow.
Conclusion
Different methods of calculating coronary perfusion pressure (CPP) during cardiopulmonary
resuscitation (CPR) with ventricular fibrillation (VF) produce considerably different results. The
results are highly dependent on the blood pressure waveforms produced by CPR. When those
methods are used to compare the efficacies of different types of CPR or CPR techniques,
differences may be found or missed, depending on which CPP-calculating method is employed.
To limit the variability in results due to the variability of the waveform, it seems that methods
which take a mean of the pressure difference would produce a more reliable result. Since
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perfusion could occur at times other than decompression, logically, the true mean method should
be the most reliable index of coronary flow (in the absence of direct flow measurement). This
supposition cannot be confirmed by this study, and further exploration with a flowmeter could
determine which method of calculating CPP is most strongly correlated with coronary perfusion.
Overall, these disagreements show that because of the use of different methods of computing
CPP, values published in different studies cannot readily be compared across studies.
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